The phase transition of an ion beam into its crystalline state has long been expected to dramatically influence beam dynamics beyond the limitations of standard accelerator physics. Yet, although considerable improvement in beam cooling techniques has been made, strong heating mechanisms inherent to existing high-energy storage rings have prohibited the formation of the crystalline state in these machines up to now. Only recently, laser cooling of low-energy beams in the table-top rf quadrupole storage ring PAaul Laser cooLing Acceleration System (PALLAS) has lead to the experimental realization of crystalline beams. In this article, the quest for crystalline beams as well as their unique properties as experienced in PALLAS will be reviewed.
Introduction
The complex dynamics of large ensembles of (charged) particles drastically simplifies when, at low temperatures, the constituent particles arrange themselves into periodically ordered structures. Crystalline ion beams [1 2 , 2] , where the ions in the beam are threaded like pearls on strings, represent a novel state of charged matter with unique properties far beyond the realm of standard accelerator physics. As, after the phase transition, the ions reside on well defined lattice positions, no dissipative close Coulomb collisions between particles can occur anymore. The beam is stabilized in its most brilliant state.
As the presentation of the experimental realization of crystalline ion beams at the EPS plasma physics conference was meant to be of tutorial character, the same has been maintained here. The article starts with a brief introduction into the field of strongly coupled one-component plasmas (OCPs) with special regard to ion crystals subject to cylindrical confinement. Experiments on ion beam cooling to lowest beam temperatures performed at heavy ion storage rings are reviewed pointing out the difficulties associated with the anticipated attainment of crystalline beams in these machines. In the following, the tabletop rf quadruple storage ring PAaul Laser cooLing Acceleration System (PALLAS) will be introduced emphasizing the analogy between magnetic and rf electric focusing. The phase transition of a gaseous, emittance dominated ion beam into the long-range Coulomb ordered state, the crystalline beam, will be demonstrated. The focusing requirements necessary for the attainment of crystalline beams will be discussed, yet the reader will be referred to the original publications for details. Finally, the implications, beam crystallization would have on particle beams at relativistic energies are depicted.
Structure of ion crystals
For the compensation of the overall Coulomb repulsion of a pure sample of ions, external confining fields are required. In the following, cylindrical confinement is assumed as for the case of an ion beam. The properties of such a OCP (see [3] and references therein) are characterized by few parameters. The plasma parameter p describes the ratio of the mutual Coulomb energy between the particles to their mean thermal energy kT . The scale length is given by the Wigner-Seitz radius a. 
where n 0 = 2ε 0 mω 2 sec /e 2 denotes the particle density of a homogeneous zero temperature plasma which is determined by the focusing strength and thus by the secular oscillation frequency ω sec of ions in the charge neutralizing external potential.
A three-dimensional OCP, which is not dominated by surface effects, is expected to crystallize above a threshold value of p 178 [3, 4] . The crystallization can be described as a first order phase transition, which implies that the crystal is stabilized by the latent heat released 3 [4] . For trapped singly charged ions, the typical inter-particle distance is of the order of 10 µm, which means that typical temperatures of the order of milli-Kelvin are required to attain a crystalline structure. With the advent of laser cooling of trapped ions, this temperature range became accessible and the first ion crystals were reported by the pioneering groups of Walther [5] and Wineland [6] .
In contrast to sufficiently large OCPs, where the long-range Coulomb order implies a bcc lattice structure [7, 8] , the shape [9] , the structure [10] and, moreover, also dynamical properties of finite systems as the plasma frequency ω p = √ 2 ω sec [9] are strongly influenced by the external confining field. Sample ion crystals, recorded in PALLAS [11, 12] , are presented in figure 1. For this special case of strong cylindrical (r) and weak axial (z) confinement, the shape of the ion crystal is determined by the ratio of the different strength of the confinement in r and z. The structure of the ion crystal is uniquely characterized by the dimensionless linear density
where N (z)/ z denotes the linear particle density. The structure develops from a string of ions for λ < 0.71 over a zig-zag band into three-dimensional helical structures when N/ z is increased or when a increases with decreased radial focusing strength [10, 13, 14, 11] .
Crystalline ion beams at high energies-the quest
A surprising observation was made at the NAP-M storage ring in Novosibirsk [15] in the early 1980s. For electron-cooled proton beams below a beam current of 10 µA, the Schottky noise Figure 1 . Fluorescence images of two stationary ion crystals in PALLAS. In addition to the cylindrical (beam-like) confinement provided by the rf quadrupole field, the ions are confined longitudinally in a comparatively weak electrostatic potential U z . The structure of the Coulomb crystal becomes more complex, evolving from a linear string of ions via a zig-zag band into helices, when the dimensionless linear ion density λ increases. This can be achieved either by a reduction of the transverse confinement from (a) to (b), which increases the Wigner-Seitz radius a, or when the linear density increases step-wise along the orbital axis z towards the centre of the potential well U z (z), as illustrated in (b). (Reprinted from [11] with permission from Macmillan Magazines, Ltd.) signal of the beam, which is used to monitor the longitudinal velocity spread of the beam, changed into a narrow peak while the power of the noise signal became independent from the ion number. This experimental result was interpreted as a sudden reduction of the heating rate of the beam, which had to be connected to a diminished collision probability between the constituent ions. Parkhomchuk suggested that the cold ions could be Coulomb ordered to explain this effect [16 4 ]. Yet, the ring burned down before a conclusive examination of the phenomenon had been performed. Inspired by the idea, the crystallization of electron-cooled heavy ion beams was proposed by Kienle and Schiffer [17] and simulations of the structure of ion crystals subject to cylindrical confinement were started [18, 10] .
With the completion of the next generation of heavy ion storage rings in the late 1980s, beam cooling techniques were improved continuously. Laser cooling of ion beams down to longitudinal temperatures of the order of 1 mK was demonstrated at the TSR (Heidelberg) [19] and ASTRID (Aarhus) [20] . Yet, it turned out, that in contrast to the meanwhile routine generation of stationary ion crystals in traps, strong storage ring specific heating mechanisms prevented the ion beams from reaching the crystalline state. In combination with the alternating focusing and bending elements of the ring, the mechanism of intra-beam Coulomb scattering (IBS) couples part of the beam energy into the random ion motion. Cooling now increases the phase space density of the beam, and further amplifies this scattering rate. Hope arose from simulations [27, 28] stating that, once having attained the onset of an ordered state with sufficient cooling, this heating mechanism should vanish and the beam should collapse into the crystalline state.
At the same time, with electron cooling [21] , extremely dilute beams of highly charged ions were observed to exhibit liquid-like short range order at the storage rings ESR and SIS (Darmstadt) [22, 23] , and later CRYRING (Stockholm) [24] , for the case of the ESR with unique applications in accelerator mass spectrometry [25 5 ]. In these experiments IBS heating in the gaseous phase was circumvented by the use of extremely low numbers of highly charged ions N in the beam (N < 10 3 -10 4 at a circumference of the ESR of 108 m). For singly charged ions, methods were developed to extend the efficient method of longitudinal laser cooling also to the transverse ion motion. First, sympathetic cooling was demonstrated [29] . Yet, this method relies on Coulomb scattering in the same way as IBS and thus its efficiency is inherently reduced for dilute beams and especially for the anticipated crystalline beams [27, 28] . However, also with refined laser cooling techniques, coupling the longitudinal and the transverse motion via the storage ring dispersion [30, 31] , only an ambiguous observation could be made at the TSR [32] . The evidence of a sudden transition of the beam into a state without IBS at a linear density which corresponds to the formation of a one-dimensional linear string was strikingly reminiscent to what had been expected for the crystallization of the beam. Yet, the beam never stabilized in this state, but started to slightly expand into the transverse plane. Envelope (Mathieu) instabilities of these cold space charge dominated beams [33] in a storage ring lattice of insufficient symmetry 6 might be blamed ( [34] , see also [35] and references therein), although their influence on a one-dimensional beam is questionable [28] . It was recently speculated [36] when similar observations were made at ASTRID that laser cooling itself could be responsible for this finite increase in the beam diameter. As it relies on the repeated scattering of photons, it is associated with a random-walk motion of the ions in the longitudinal and transverse directions. It was suggested that, once a hypothetical ordering of the beam sets in and the IBS mediated coupling of the transverse and the longitudinal ion motion is suppressed, this undamped diffusive heating process could destroy an evolving order.
Summarizing, no clear evidence for beam crystallization has been found in any highenergy ion storage ring up to now.
The gap between large-scale storage rings and rf quadrupole ion traps has recently been bridged by the table-top storage ring PALLAS [37] [38] [39] . The idea to close a quadrupole ion guide to a ring goes back to Paul and others [40, 13] . With the operation at the low beam energy of 1 eV and the high symmetry of the ring, intra-beam scattering mediated heating was nicely circumvented. Thus, in combination with laser cooling, the first experimental realization of crystalline beams succeeded in spring 2001 [11, 12] , almost 20 years after the effect was suggested.
The rf quadrupole storage ring PALLAS
In a storage ring, charged particles are guided along a closed trajectory, the design orbit (figure 2), by means of electromagnetic fields. Magnetic fields are usually chosen in combination with high particle momentum, where electric fields apply for low velocity beams. Particles which deviate from the design orbit are confined by periodically alternating focusing and de-focusing quadrupole fields, a method referred to as strong focusing [41] . Theconfinement causes transverse oscillations relative to the design orbit which obey a 5 As reported recently [26] , also the diameter of these liquid-like dilute beams is below 10 µm. This fact could lead to a dramatic increase in the luminosities of radioactive beam colliders, as presently under consideration at GSI. 6 As discussed later in the text, envelope instabilities arise for space charge dominated beams when, for a certain focusing strength (tune Q), the periodicity P of the storage ring remains below P < 2 √ 2Q.
differential equation of Hill's type (u = x, y)
denotes a (piece-wise continuous) restoring force. Its period length L generally amounts to some integer fraction of the circumference C, called the periodicity P = C/L. In the special case of the rf quadrupole storage ring PALLAS, presented in figure 2, an electric quadrupole potential which oscillates in time with the frequency is applied uniformly along the ring electrodes. Thus, a particle which circulates with a velocity v experiences a restoring force, which is periodic in space with L = 2π(v/ ). For low-energy beams, the rf field simultaneously provides both focusing and bending. For the storage of 24 Mg + ions, which are especially suited for laser cooling (see the insert in figure 2 ), rf voltages of the order of U rf = 150-450 V are usually applied between the quadrupole electrodes (aperture radius r 0 = 2.5 mm) at a frequency of = 2π × 6.3 MHz.
The equation of motion of charged particles in this alternating rf quadrupole potential as a function of time can be written for the (x , y ) coordinates, which point in the direction of the quadrupole electrodes, in the canonical form of Mathieu's differential equation (omitting dc terms for simplicity)
when the following reduced parameters are used
For comparatively weak confinement (q 1), the corresponding transverse motion can be described by a superposition of the dominant secular oscillation at the frequency ω sec = q / √ 8 and amplitude u max and a driven jitter motion at the frequency [42, 43] u(t) = u max 1 + q 2 cos( t) cos(ω sec t).
Sample trajectories are presented in figure 3 . A mean restoring pseudo-potential of the form (r =ū) = (qU rf /8)(r 2 /r 2 0 ) is usually introduced to account for the secular motion. Regarding the corresponding amplitudes, the jitter motion is commonly called micro-motion. Its amplitude can be approximated to ( √ 2 r ω sec )/ r, where r =ū stands for the mean transverse displacement from the trap axis z, averaged over one period of the micro-motion.
In the following, the analogy between the standard treatment of the transverse ion motion in high-energy storage rings [41] and the aforementioned rf quadrupole storage ring will be demonstrated. Generally, Hill's equation (equation (3)) has periodic (pseudo-harmonic) solutions of the form (neglecting arbitrary phases)
where the amplitude b u is modulated with the square root of the periodic betatron function β u (z). The problem of solving Hill's equation is thus transformed into the (numerical) computation of the β function. Together with the emittance , the β function describes the radius of the beam envelope
The emittance is proportional to the phase space volume, occupied by the ions of the beam and thus an invariant (Liouville's theorem). The phase advance per focusing cell µ u = φ u (L) is an invariant, which is used to characterize the overall focusing strength of the storage ring lattice. The corresponding number of betatron oscillations per revolution, called the tune Q u , is given by
It is of crucial importance to operate a ring not too close to integer values of the tune, since, otherwise, external perturbations add up coherently on successive revolutions.
Particles with a momentum deviation p from the design momentum p perform betatron oscillations around a new closed orbit which differs from the design orbit by
where D(z) is the dispersion function of the storage ring [41] 
The equivalence in the description of the motion of ions in the magnetic lattice of a highenergy storage ring and in the rf quadrupole ring is based on the fact that Mathieu's equation is the form, Hill's equation takes when a sinusoidal restoring force K(z) ∝ cos(2π z/L) is applied. The micro-motion corresponds to an oscillation with a short wavelength of the length of a focusing section L = 2π(v/ ) and the secular motion to an oscillation with the betatron wavelength l β as depicted in figure 3 and thus ω sec ≡ ω β = 2π(v/ l β ).
In analogy to the introduction of the pseudo-potential in the rf quadrupole system and regarding that no absolute phase of the betatron oscillation with respect to the orbital coordinate z is defined, the betatron and the dispersion functions can be exactly replaced in PALLAS by their mean values β(z)
L. The corresponding relations for the aforementioned parameters are listed in figure 3 .
In high-energy rings, this simplification (β(z) β 0 and D(z) D 0 ) is called smooth approximation [44] . It is valid within 10% for l b > 2.6L. The number of focusing cells normally increases about proportional to the circumference of the ring. With the high periodicity of P = 800 and the comparatively strong electric focusing, PALLAS resembles the largest synchrotrons. The fact, that the phase advance per lattice cell 2π(Q/P ) still remains moderate is due to the fact that the periodicity can be chosen deliberately.
Ion beam crystallization in PALLAS
In high-energy storage rings, ions are typically injected at the beam velocity in a field-free region where the beam propagates unguided. In contrast, the quasi-continuous confinement of ions in the rf quadrupole structure does not allow the injection of reasonable numbers of ions into the storage ring PALLAS. Neutral 24 Mg atoms are, therefore, ionized inside the trapping volume by electron impact ionization. The 24 Mg + ions are simultaneously laser cooled (see figure 2) to zero centre-of-mass velocity. This cold stationary ion ensemble is then accelerated [39] by the light pressure of the continuously tuned co-propagating laser beam, as sketched in the insert of figure 4(a). The ion beam velocity of v = 2800 m s −1 (beam energy 1 eV) is determined by the decelerating force of the counter-propagating laser beam, which is kept at fixed frequency. The longitudinal velocity spread of the beam is reduced by the dispersive character of the combined laser force. The typical behaviour of a cold ion beam is shown in figure 4(a) . The fluorescence rate increases, as the frequency detuning ω 1 (t) of the co-propagating laser beam is decreased. Then, as it approaches the resonance, the forces start to compensate and the rate drops off again. At the end of the frequency scan, the laser is set to a frequency which corresponds to a velocity change of about 1000 m s −1 and the cycle restarts. An increase of the confining potential drastically changes the behaviour, as demonstrated in figure 4(b) . At first (blue curve), the fluorescence signal follows the previous curve, then decreases abruptly, and subsequently rises to a sharp peak whose width is dominated by the saturation broadened line-width of the transition [11, 12, 45] . Such a dip in the fluorescence signal was originally observed in ion traps for small ion ensembles [5] . It was interpreted as a result of the competition between laser cooling and rf heating (the analogue of IBS), which first grows when the phase space density increases and then abruptly vanishes when the ion ensemble crystallizes [46] . After a slight reduction of the confining potential, the latter signature of the phase transition cannot be resolved any more (black curve). This behaviour suggests that the ions are now confined sufficiently strong to form an ordered beam (as further discussed in the following), but do not experience unnecessary rf heating, which is responsible for the visibility of the phase transition in the latter scenario.
The phase transition to the crystalline beam is further pinpointed by the sudden decrease of the transverse beam size [11, 12, 45] , shown in figures 4(c) and (d). The transition is induced by an increase of the transverse focusing strength, as sketched in the cartoon in the right box of figure 4. Since only the longitudinal ion motion is directly laser-cooled, this procedure is necessary to enhance the coupling between the ions and thus the sympathetic cooling of the transverse ion motion. The spatial profile of the crystalline beam coincides with that of a stationary string of ions ( figure 1(a) ). The number of particles in the beam (18 000) implies a mean longitudinal inter-particle distance d ≈ 20 µm. The resulting dimensionless linear density λ = 0.4 confirms the assumption of the formation of a linear string of ions [10] .
Furthermore, the longitudinal velocity spread of the beam was probed opposite to the cooling section [11, 12] . The measurement revealed a width of the velocity distribution of
for the crystalline beam. This value corresponds to a plasma parameter of p 500 for the circulating ion string, confirming the long-range Coulomb order of the system. In summary, the full phase space density was determined to have increased by a factor of at least 10 4 and, assuming strong coupling (T ⊥ = T ), beyond 10 6 in the above phase transition. One of the outstanding properties of stationary ion crystals [47, 11, 12] and crystalline beams [48] is their elasticity or, in other words, the almost complete vanishing of close Coulomb collisions between the constituents of the Coulomb ordered structure [54] . As a result, the coupling of the periodic rf motion (micro-motion) into random thermal motion is expected to be strongly suppressed compared to the case of non-crystalline beams. Under continuous laser cooling, circulating ion strings were observed to survive for many hours without any significant ion loss. With the cooling lasers simultaneously blocked, the beam maintains in its crystalline state for several thousand round-trips [11, 12, 48] . For the high periodicity of PALLAS of P ≈ 800, this survival time corresponds to about 10 6 rf periods or to the passage of the uncooled crystalline beam through 10 6 lattice periods. In terms of lattice periods, these survival times agree surprisingly well with the results of early MD simulations [49] .
A somewhat different matter, which can be only briefly mentioned here, is the investigation of bunched crystalline beams in PALLAS, where the ions are additionally confined longitudinally in harmonic potential wells in the co-moving system. This additional confinement allows the manipulation of the linear ion density and thus of the structure of the crystalline beam [50] without affecting the number of ions in the beam or the transverse confinement. Only recently, bunches of crystalline beams have been observed to be a factor of two (sometimes even three) more compressed than anticipated from standard accelerator theory [51] , which only treats bunches of uniform charge distribution.
Confinement of crystalline beams
The feasibility of altering the focusing conditions of the rf quadrupole storage ring allows the systematic mapping of the parameter range where crystalline beams are attainable. In figure 5 , the secular frequency or, in other words, the (velocity dependent) tune is plotted for ion beams of different linear density λ. Crystalline beams were observed to only occur in the grey-shaded narrow band [45] . With increasing radius of the crystalline beams, the required focusing strength decreases. The curvature of the band markedly follows the curvature of the dashed line. This dependency is based on the argument that the mean energy of the periodically driven transverse motion of particles in the time-varying confining potential equalizes a constant kinetic energy, in particular, the melting temperature of the crystal of p ≈ 180 [54, 45] . Thus, it seems that the upper focusing limit is related to this periodic transverse modulation of the crystalline beam, although it was shown that the energy transfer from the periodic to the random motion is strongly suppressed compared to the non-crystalline ensemble. On the other hand, for beams which are not sufficiently cold (i.e. below the critical plasma parameter of p 180 and thus above the dashed line in figure 5 ) the coupling of collective motion into random motion is expected to increase due to intra-beam scattering [46, 28, 27] .
Notably, the observed limiting focusing strength lies more than a factor of three below the value at which an excitation of bulk modes of the three-dimensional crystalline beam is expected to occur. Their characteristic frequency is close to the plasma frequency ω p = √ 2ω sec . To avoid an excitation of bulk (normal) modes in the oscillating fields of the storage ring, the lowest possible side-band of the driving frequency ( − ω p ) has to exceed the eigen-frequency ω p (or > 2ω p ), which translates into the maintenance criterion for crystalline beams P > 2 √ 2Q [54, 28, 35] . This criterion is always fulfilled in PALLAS, where P = ( √ 8/q)Q and q < 0.9 for a sinusoidal rf driving voltage. It is worthwhile mentioning that this result is not restricted to crystalline beams but part of a more general approach to envelope instabilities of space charge dominated beams. There, the latter condition corresponds to the first half-integer stop band (Mathieu instability) or, in other words, to the condition that the phase advance per lattice cell (or per rf period) must not exceed 2π/2 √ 2 [55, 56, 34] . For emittance dominated (noncrystalline) beams, the phase advance per unit cell has to remain below π/2 [56, 34] . This criterion, which is important for the generation of crystalline beams starting from the gaseous phase, is not easily met in high-energy storage rings and independent from the treatment of heating due to intra-beam scattering.
The lower focusing-limit in figure 5 appears to be rather constant for three-dimensional beams but is considerably raised for the lower dimensional crystalline beams. Below a certain focusing strength the ion density and thus the coupling between the transverse and the longitudinal degrees of freedom becomes too low to provide sufficient sympathetic transverse cooling (see also the cartoon in figure 4) . A transition to a broad but longitudinally cold beam occurs, just before the beam is eventually lost.
The absolute value of this lower limit should depend on the individual cooling scheme and especially on the amount of direct transverse cooling provided. Still, velocity dependent bending shear is expected to set limits, which can only be circumvented by cooling the beam to constant angular velocity [54, 28] . The dotted lines in figure 5 express the influence of bending shear for PALLAS, which increases with rising linear density and velocity of a crystalline ion beam cooled to constant linear velocity [54, 45] . The range of the present experiment comes close to these limits, and an anticipated increase of the beam velocity should allow stringent tests.
Conclusions and outlook
What can one learn from these experiments for the aspired realization of crystalline beams in high-energy storage rings?
First, it has to be emphasized that crystalline ion beams were attained starting from noncrystalline beams, which were subjected to purely longitudinal laser cooling. Integer-tune stop-bands had to be crossed when the secular motion was frozen out. Promisingly, no effect of this forbidden crossing of resonances was experienced. Still, the high periodicity could have weakened the impact of these resonances.
Second, the range of the focusing strength for which crystalline beams were observed is surprisingly narrow, but no fundamental process is believed to hinder their formation. Most likely, the applied cooling was not sufficient to counteract the weak transverse heating which increases with rising amplitude of the time-varying confining potential and with the diameter of the beam. Especially cooling of the transverse ion motion seems to be of general importance. For ordered beams, to rely on sympathetic cooling alone is not advisable, as tight focusing was required to reach sufficient coupling especially in the case of the one-dimensional beams. The demand for direct transverse cooling of crystalline beams is, in fact, much easier to fulfil in high-energy rings than in PALLAS. Storage ring dispersion allows the direct coupling of the transverse to the longitudinal motion, when outer ions are cooled to a slightly higher velocities than inner ones [28, 30, 35] . The use of synchrobetatron coupling in a dedicated coupling cavity was proposed [53] but this mechanism is expected to loose efficiency for ordered beams [28, 35] . A novel idea exploits a helical wiggler, which forces the ions onto a helical path [52] . The wiggler provides a constant tilt angle between the ion and the cooling laser beam over a large distance. Part of the transverse ion velocity is projected into the longitudinal direction and can thus be directly addressed with a dedicated second cooling laser in a merged beams scenario.
Third, bending shear does not seem to play an important role under the present conditions. Only for the largest crystalline beams, an onset of an influence might have been observed, since these beams were recorded at slightly lower velocities where shear is reduced. Nevertheless, the focusing should be as high as possible (keeping in mind, that the phase advance per lattice cell P /Q should be small) to increase the plasma frequency of the beam and thus its natural shear elasticity [54] .
At present, an experiment aiming for the crystallization of relativistic C 3+ beams (v/c = 0.47) at the storage ring ESR (GSI) is prepared. Although the lattice of the ESR should not allow the realization of three-dimensional structures, the combination of longitudinal laser cooling with transverse electron cooling (favouring the higher charge state) might be sufficient to reach the regime of a dense linear string of ions 7 . For even higher relativistic energies (γ ≈ 20), electron cooling ceases to be effective [21] and, furthermore, becomes extremely difficult to realize. On the other hand, the proposed concept of transverse laser cooling in combination with a helical wiggler gains in efficiency [57] and should be technically feasible. These highly relativistic beams should open perspectives beyond the pure cooling of the beam.
The energy of a counter-propagating photon in the lab-frame is considerably increased in the ion rest-frame according to the linear Doppler effect by about a factor of 2γ . Thus, with a counter-propagating laser beam in the deep UV, transition energies of hydrogen-or lithium-like highly charged ions can be excited. Furthermore, the angular distribution of the spontaneous emission is Lorentz-boosted into a forward cone (the opening angle in the labframe scales as ∝ γ −1 ), and the photon energy of the re-scattered light is increased by a factor of (2γ ) 2 into the keV range. Provided that a relativistic crystalline ion beam can be attained, the energy distribution of the forward scattered light could become monochromatic in the sense of a Mößbauer-like emission process.
For crystalline electron beams where no cooling scheme is known to be sufficient at present 8 , a dramatic suppression of the spontaneous emission of synchrotron radiation has been predicted [58] , allowing to overcome the main limitation for high-energy electron synchrotrons. Promisingly, the design of high-energy heavy ion storage rings comes close to the ideal circular lattice with high periodicity, tight focusing, and low phase advance per lattice cell which is favourable for the formation of crystalline beams.
